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ABSTRACT 


O 

ProgresB  in  the  build-up  ef  a  high  micro'ffave  po^sr  facility  eulmiHatI®g' 
in  a  10  megawatt  peak  power  C-band  klyatron  Bvsterfi  le  reported.  DetalJs  are  gtveji 
on  the  design  considerations  for  a  C-band  peak  power  suhancement  device  (tyaVelIng 
wave  resonator)  capable  of  boosting  high  peak  powers  by  a‘ large  facter  ancj  making  It 
available  for  use  with  an  external  load.  Approathas  to  the  micirowav*  switching  pyob- 

o 

lem  are  discussed  and  progress  reported  on  wo-k  toward  a  suitable  swltcho  Restlgs 
are  gi-'-en  for  a  prototype  low-power  X-band  dischargeable  resonator  about  1050  'Wave¬ 
lengths  long  from  which  enhanced  pulsed  power  was  c^t-acled  by  means  of  a  fast  ferrlt 
switch.  As  part  of  a  connected  program  of  study  of  the  interaction  of  high  micro- 
wave  power  and  fields  with  materials,  work  is  descj-ihi'U  on  the  design  of  a  test  cell 
for  subjecting  materials  to  high  power  densities  and  the  investigation  of  special 
electrodeless  microwave  cavities  for  the  study  of  intrinsic  and  free  surface  breakdown 
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9  ~  - 

tniroulitlion  ^  s-  • 

jTiS  v.’ork  iri  ftMs  1iq,s  ^C®1  Ifil#  Ififee  ®aSor  areas| 

til  the  de’/eiooiiient  aSd  aonsis'U^llan  a  lf!gia M'teg’O’Vii'st’'©  P^weS"  .Fsi.eSlity  tecliiiltiflig  S, 

Varletjp  ®f  higli  poweff  aSiiffii”©way9  s(&l)Sffe®C  |bcJ  |ia?  eatlsfcjy  ilf;  6&e  £<=feji^  &’e<jiisacj'’  ^ 

range] ;  (2)  eff02;t  lit  dlr«Ctlon  of  a  C-lbanil  pOvtOV  CjiLalke9<UMrt 

•  • 

ooosHng  the  ctltptlt  p<ia!s  pOVTaJ*  of  the  high0«t  pt>lver  fOtSrCc  lit  CiSt'  hy  Q@ine  8  &ho 

v4th  paxt  of  thts  eXTort  Intha  nrea  of  Mgit  powe?  gnteroWAVC  cnjifKaet'iiifa  'coirpis'hentB 

4cvolopinentj  and  fcestlngj  (2)  !nt«raCtlOtt  oX  Jtlll©S®Wa.V®  feffld  MgH  ifciSffeWSVe. 

^jiexgy  ^v^h  dlcleetrle  medt%»  IChls  teehateW!  &ete  ^»tE  «ainina7isc  the  wosi:  pv^ws^B s 

fos  the  18  iApnth  perfoc!  endirg  March  33t  “ 

U*  High  Power  Mtcrowa-v*(i  pAcBjty 

^  0 

.  Pcraonnels  Ptotettor  $•  W.  Ko8«inthal»  E..  Crtirsaj  M®  KilngenTe 

•  .  M.  Nttpabaum  °  ® 

Thfg  facllfty  4ne2udo9'a  number  of  Ugh  power  microwave  fioureoi  Isa 
C-hanc!  of  Varying  capabllitia^  and  suitable  for  a  vsdety  of  eKporlmeata!  purposoiSo 

A,  One  MegaVatt  C-haud  Magnetron  SjfBtam 

(liaytheon  and  QK509) 

•  • 

^  'I'hie  system  is  no'-/ lu  operation.  It  provldoB  a  C“band  pale®  power 

source  of  the  ordoM*  of  one  megawatt  peak  pov/er  in  the  frequency  racgo  5ZS0-5310  m®  ° 
with  a  duty  cycle  of  0,  fiOH,  By  liloans  of  a  specially  designed  4-poJ't  sli'saJ.ator  and 
a  Variable  1  uipculande  termination,  as  showti  in  the  block  diagram  tif  f*ige  1»  tt  is  ° 
possible  to  fimoothly  vafy  t1i«  poW'T  Into  a  doelred  load  from  very  Valtiae  to  tbp 

tnaxlnium  available  i>oni  the  laagnelrpi-  lu  addition,  the  load  |ilosigaat«d  as  “vorfe® 

.U  the;  diagrainl  Can  be  of  any  lyp(j  (iii-om  a  perfect  match  tO  One  that  Ic  purely  reactive) 
u’ilhout  hai'.'n'fng  the  ftiagiietron  will cli  Ig  jJniost  cotnplctely  isolated  from  ft*  The 
system  requires  gas  pressuri /.atlon  of  15  pslii  and  Can  V.^Ork  Up  tO  preSaOi’P*  of  SO  Tf'- 

U--  2.  5  Mega'v^^t  G-band  IG^st ;"S!n  System  (dperry  SAC  214) 

■|  his  system  is  n&W  Tii  oporatlort  with  a  2-3  kw  driver,-  but  recjufras  higher 
in|)ut  from-  the  driver  to  develop  it-s  ratod  OUtpUt.  At  pXeiJfcUt  an  rf  output  of  about  on.? 
nieg.awatt  jjii-ak  in  the  5450“-5850  iii2  range  V’ilh  a  duty  O'cle  of  0.  00  1  Is  available.  It 
is  plniined  to  Use  a  10  k\v  magnet  ron  (ikjw  oit  Order)  to  tiblaln  the  I'ated  output  and  to 
use  a  ferjite  i^rp-filatar-^varlable  1  nipeda.usif'  a,xyar^gtt4nwint  (such  as  shown  in.  ^Igs  1)  to 
proyiile  the  same  flei:iL'ility  as  in  Ihi-  ?iay-l  heou  piagnetron  system.  With  Its  presej^ 
driver  the  f;AC214  provide:;  a  liigli  po  We  r  signal  sc-urce  of  variable  power,  frequctllGy, 
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pulse  width  and  frequency  sweepinj;  ag^^'ls  ifl  f)p||;#le{ 

p]'obing  plasmas  and  Qiatcrials. 

C.  ^Ten  Megawatt  (Pg;dc Sr-ysier— _ 

This  systenj  ^s  tender  tfonsjructftfjt  tlie  £^e'S£y  ^^'r^.sSS'pe  ®q2tkpan^  for 
delivery  sometirne  in  A-agust  1961  and  tea  lnsta1!i;d  In  thi^iiew  Research  and 
Oraduate  Center  of  the  PoljjCechnic  J»st|tui^  at  i'aflrtlug^ajej  |'T.  Y  ■-  It  will  pro- 

Yi-le  pulsed  rf  pov/e?  ©f  tHe  ofdaa  of  tO  rtliiJlJiWatts  j|ea?8  aj  a  K|a?ctiT®un\  puise  width  of 
5  microseconds  OS'  a  ^©dufietl  p®V^<4S  fcSSgalWitls  a  p<?lse  width  of  10  micro¬ 

seconds.  This  sy stQrrt  wdlt  perijllt  tho  |JO'/ar  Oi<tRMtj  ftecjlteiigy ,  pulse  width,  and 
« 

.■•epetitiaft  rate  tc  lbs  Vatittd,  Mid  tLd  Xffe^U^itlCy  tte  W  Swept.  ®I®hc  design  of  the  system 
P'^ovides  for  ti»f?raa£ed  Slid  paWaS  OUkpilt  ca^ab!l?tles  in  the  future_  It  is  now 

in  tSie  pTocasfi  af  beluC  &sS(i|p1>1cd ItAtif  after  suitabla  toasting,  will  be  shipped  to  the 
Graduate  deiitCi'  far  lf|K|Jilla|l@n  al*d  f 9a>|>l«tifcn  tllfirs*  ^  sgheniatic  of  the  output  rf 

»i;Btam  aliowii  In  I!*!!;.  2»  ,  ^ 

®  .  ...  ®  •  S.  W  Rosenthal 

a  ^  ®  u  ^ 

lit.  ‘I-^ov^ar  l^liancement  Davfcas  aad  Roiateg  ^Vo^k 

Personnel;  Profeaeor  M>  Sucller*  0»  Ja^enTco,  TJ®  Goidie,  B  Ford 

At  t!ie  Irltlrtion  of  till e  program  »  po'Yar  eiib*a!icement  device  was  proposed 
£or  boosting  tho  pwlaod  pOV/ar  oUaLiablo  from  a  glv^w  prfpiarv  high  power  source 
by  &  slr.C.tblo  f&elOs«  Tbe  contomplatud  n3«  of  iMs  <T(*vT«e  was  at  C-band  frequencies 
iiT  <?Ontunct!o«  wftb'the  high  power  c»-hartd  Wy.stron  system,*®  The  device  is  essentially 

a  -ilHCljArg cable  travfllfng  WWa  roi?onaiOr  (reXelrreil  here.-ifter  a .s  a  t raveling- wave 

* 

liiicrowage  “iiyv.'h^Oi"  or  TV/K)  Xed  IrOni  lllu  Wglunst  avaflablc  primary  source  (see 

nii,  3)/ 

I-  PrflWenia  Counoctod  wiffi  tTic  Tw_j?^  _  ^ 

The  saUjecl.  oX  Wftve  resOUators  has  been  widely  treated  in  the 

Jind  no  <ietftile(T  ftituMpl  '■■.'?!?  1»cj  mafle  Tiel»e  tr  ?Tes(Sribe  their  operation. 

«  • 

It  to  S^y  that#  fftfci'  ruTi'Onftnt  i.s'  fuJ  .T  uoii.slajit  aniplitnde  rf  pulse  of 

jC'iig  iTiiralJoft  VeliLCh'fl  tv  the  tlmo  rejtltlred  r«j*  jTuj  «r<ir;;y  ir  ti®avel  once  around  tho 
ring,  tljef.'  will  b«  a  btllld-up  periwil  ill  wbl'Sh  energy  fi'Oiii  ll»«  source  is  jiartly  stored 
in  the  ring  ju  Jho  fs?iH  o(  ?  traveling  of  i  nc  I'OasUig  alnpUlude  and  partly  dissipated 

jn  both  the  terminating  load  and  ift  *,Val"  'jvr  olhei'  Jossus  nm  mal’y  assoalated  with  the 
fine  'vay  stteas.'iHoii  Sf  tb<5  ring*  In  the  abaesc?  sf  f>hataclefc  yr  i-encellons  from  bends 
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or  other  discontinuities,  the  ring  will  be  resonant  when  its  length  is  exactly  an  Integral 
number  of  guide  wavelengths.  At  optimum  coupling  between  the  source  and  ring,  as 
steady  state  la  reached,  the  power  dissipated  in  the  terminating  load  will  drop  to  zero, 
the  amplitude  of  the  circulating  wave  In  the  ring  will  approach  its  maximum  value,  and 

-ft 

all  of  the  energy  of  tTie  sovirce  will  go  toward  supplying  the  waveguide  attenuation  losses 

of  the  circulating  wave.  For  arbitrary  coupling  the  power  flow  associated  with  this 

2 

circulating  wave  will  be  M  times  that  of  the  primary  source  where,  M,  the  steady 

state  voltage  multiplication  factor,  is  equal  to  C/  (1  -  T  •\/l  -  ),  C  being  the  voltage 

coupling  ccjefficient  between  jirlrnary  and  secondary  arms  of  the  coupler  (always  <  1) 

-  Cl  i 

and  T  the  voltage  attenuation  coefficient  of  the  ring  (also  <  1).  (T  =  f  for  a  ring 

O 

of  lengtli  Jt  and  an  attenuation  constant  of  n  nippers  per  unit  lengtli.  )  At  critical  (or 
optimum)  coupling  C  *  ^  1  -  f  ^ ,  'I'  »  .^1  -  C^,  aiid  M  “  l/  C.  Thus,  for  sufficiently 
small  attejiuatlon,  a  relatively  wide  pulse  of  microwave  power  from  th'e  source  can  be 
used  to  build  up  a  traveling  wave  of  much  liigher  power  level  In  the  ring  which,  upon 
being  discharged  by  means  of  a  fast  acting  microwave  switch,  will  yield  an  rf  pulse  of 
higher  amplitude  (thougli  shorter  duration)  than  that  of  the  source  for  use  v/lth  any 
desired  exteimal  load.  For  example,  it  was  calculated^  that  a  537  foot  C-band  ring 
using  ovei'-sized  copper  'a  ■•••guide  of  al)out  0.  58  fib  overall  attenuation  could  produce 
a  0.  55  mlci'oseconfl  output  pulse  for  an  B.  5  nii c rosimond  input  jiulse  with  an  apparent 
power  mull  1  pli  cation  of  6.4  anri  an  efficiency  of  about  41  percent,  assuming  optiniujn 
coupling  and  an  Ifleal  switch. 

One  phase  of  our  program  ha.s  therefore  conceritrated  on  design  considera¬ 
tions  for  such  a  TWF,  particularly  on  Iio'A'  to  realize  tile  necessary  small  attenuation 
for  substantial  power  magnification  with  good  efficiency,,  wliilc  meeting  the  problems 
cau.s'-fl  by  tile  possibility  of  hlglier  mode  generation  in  the  necessarily  over-.‘,ized 
waveguide.  One  report^  rleals  with  possilde  I'ectangular  geometries,  the  correspond¬ 
ing  number  anri  types  of  higher  mo'les  aiul  their  control,  and  tlu:  spacing  of  higher  mode 
|•esonant  frequencies  (for  mofles  of  the  whlidi  are  not  easily  filtered  out) 

for  a  C-band  I'WF  of  tlie  desired  output  pulse  and  |)f)wer  magnification.  An  examination 

was  also  made  c)f  how  'I'F  type  modes  could  be  eliminated  by  delibe  ratelv  Introducing 

mo  ■ 

a  selective  loss  mechaidsm  discriminating  in  favor  of  tlie  dominant  J’Fjjj  mode.  In 
adflition,  thought  has  lic-n  given  to  the  desl  ra  bi  1 1 1  \-  of  using  tlie  1  If  q  ^  mode  in  ovei'si/ed 
ciroilar  wai’eguidi'  in  an  effort  to  reduci'  losses  and  improve  etficiencv-  I  hi  s  lias  led 
lo  the  possibility  id'  a  long  resonant  ca'.ity  in  |)lace  of  a  I'Wb'  as  a  power  enliancement 
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Another  aspect  has  been  the  design,  construction,  and  operation  of  a 
95  foot  long,  low  power,  X-band  prototype  TW!"  using  oversized  square  waveguide  as 
a  means  of  becoming  familiar  with  probleins-of  mode  control,  frequency  stability, 
tuning  and  switching  to  be  encountered  in  the  large  C-band  'I'WF. 

A  problem  of  critical  Importance  to  the  ultlinate  success  of  the  contem¬ 
plated  power  enhancement  devices  (and  also  one  of  the  most  difficult)  is  that  of  an 
efficient,  fast,  higli  power,  low  loss,  microwave  switch.  Tlie  various  possibilities 
have  been  under  continuous  review  -  the  use  of  gas  discharges,  ferrites,  ferroelectrics, 
and  multlpjctor  eff(*ct.  it  was  tentatively  fl.'clded  to  pursue  tlie  phenomena  of  gas 
dl.echarges  as  tlie  best  mean.s  of  realizing  a  switch  of  the  desired  characteristics  while 
keeping  In  mind  any  new  jiromlsing  developments  along  other  tlirections  as  they  arise. 

In  this  connection,  two  ap|)roaches  to  tlie  switch  have  been  arloptefl.  One  involves  the 

building  of  a  grid-controlled  hjw  pt^essure  arc  discharge  switch  tube  along  with  a  test 

4 

facility  for  te.sting  v^arlous  switching  tubes.  I'he  othei'  Is-to  investigate  the  use  of 

gaseous  <llscharge.s  at  high  or  atmospheric  pressure  as  a  means  ofj’ast  microwave 
>:>  . 

switching. 

With  ]-egnrd  to  tlie  directions  not  bcdng  pursiuvl,  suidi  as  ferrite  and  ferro¬ 
electric  s\'.'ilching,  the  fcjllowing  remarks  may  be  matle.  Although  tdie  use  of  ferrite  In 
high  power  circulators  has  proveri  fea.siljle  (with  cooJi  ng),  tin/  geoim'lrles  required  are 
not  Very  favijrable  for  fast  swiU'hlng,  whiie  geoiiu-t  ri  es  favoi'able  for  fast  switching 
are  unfavorable  for  o|)eratlon  at  Idgh  |))W(.r  levels.  i'e  r  roelect  rics,  particularly 
tlie  voltage  sensitive  type.'-'  .such  as  li'iid  t  liei  n  se  1  vi;  s  lo  switching  a|)pll  cations,  (see 
Appeiirlix  II  of  i'drst  Ouarterly  l.eltei'  I’eport  PIBMKI-85i.  l-(i9,  I'ea  sll'l  llty  of  l''erro- 

eiectric  i’hase  .'shifter  by  .M .  .9uclier  .ind  )  ,.  Hi  renhanm)  until  recent  ly  liave  been  too 

5 

lossy  fn  i-  the  requirements  ol  lids  program.  ()n1y  reciuilly,  with  single  crystal.s 

(which  however,  are  not  yet  in  a  form  snital)li'  ff)r  use  In  switching)  liave  losses  br'en 

reduced  to  the  point  wliere  fe  r  roel  e  (;t  r  i  r  s  imiy  lie  comparalde  wltli  ferrites.  Fhc 

multipactor  (or  Hec(.ndarv  eli-cirou  resi  ui.i  neei  sv.ilcli  may  Vet  prove  useful  InU  ,  In  its 

0 

jiresent  slate  of  evelopi ,  e-nt  ,  Is  iiiU  i.isily  lieid  off  in  tlie  face  of  lilgli  microwave 
jio'.ver,  so  tliat  it  is  preferable  lo  use  tile  swltidi  in  its  fired  state  for  cliarging  uji  the 
ring  and  to  use  ti  ic.  the  queiiclied  sl;ile  to  discharge  tlie  ring.  1 '  ii  lo  rt  u  na  t  el  y ,  tills 
means  lliat  a  loss  of  some  II.  ^  to  ('  I  dli  tl  he  value  ulitaiiied  at  .S-hand)  is  Introduced 
bv  tlie  s'.'.itch,  tiler,  hv  severely  liinilln,^  ihi'  attain. lide  ring  power  magni  1  i  cati  on. 

I)  H.  .'h'liw  ir/ki'pf  (priv.ite  coi  1 1  ii  lU  ni  c.o  ; ,  .ip  h.is  pertormeil  nanosecond  switi'hing  at 
moiieralc  oo'.'.cr  le'-cl.s  at  X-haiid  1)V  n-'-  >1  a  ilc  .sparl'  in  waveguide  at  atmosplieric 
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Furthermore,  In  the  unflred  state  the  switch  (which  Is  part  of  a  waveguide  resonant 

structure)  has  an  Insertion  loss  of  about  0.  5  to  0.  7  db.  Even  If  one  could  overcome 

the  tendency  of  the  switch  to  fire  at  lower  than  desired  power  levels  and  attempt  to  use 

it  in  the  unfired  state  for  charging  up  the  ring,  one  is  confronted  by  the  too  large 

c 

insertion  loss  of  the  unflred  state.  It  may  yet  be  possible  to  overcome  these  difficulties 
by  a  design  more  closely  adapted  to  the  requirements  of  the  ring.  This  matter  will  be 
pursued  further. 

2.  Use  of  Oversized  Waveguide  for  a  'I'WF 

Calculations  were  made  of  the  attenuation,  power  magnification,  power 
carrying  capacity  and  possible  number  of  propagating  modes  to  be  expected  for  a 
500  foot  long  ring  resonator  u.sing  .several  different  rectangular  geometries.  The 
waveguide  was  assumed  to  be  copper  and  the  calculated  microwave  resistivity  was 
multiplied  by  1.21  to  take  account  of  surface  roughness.  The  results  are  given  in 
Table  I  at  several  C-band  frequencies.  'I’he  calculated  losses  due  to  waveguide 
dissipation,  and  estimated  losses  flue  to  waveguide  components  (such  as  mode 

filter  sections  and  switches),  a^,  are  separately  tabulated;  two  different  possible 
values,  0.  1  and  0.  2  db,  are  used  for  the  latter.  The  a  dimension,  usually  smaller 
than  b,  Is  pcMquuidlcula  r  to  the  electric  field  lines  and  determines  the  number  of 

|i ro jja gatl ng  T  ^  ^  modes. 

It  is  to  be  notcfl  that  waveguide  of  square  cross-section  generally  propa¬ 
gates  a  larg(M*  number  of  modes  than  one  of  rectangular  cross-section  of  the  same 
attenuation  value  and,  in  partlenlar,  a  larger  number  of  TF  modes  whicii  arc 
difficult  to  filtfU'  out  if  gene  ratefl.  'i'lie  flata  would  seem  to  indicate  that  a  waveguide 
of  the  same  1  mside  fli mensions  as  K(i-(204)/li  (4.  H75"  x9.75"  or  12.  38cn>x  24.  76  cm)) 
but  v.'itli  E  field  |.iola  ri  zefl  pe  riiendiculn  r  to  the  nari'ow  dlnu^nsion,  luight  be  a  practical 
eh.oice  because  of  its  avallalji  litv  and  tlie  inanageabli’  number  of  possible  TE  !i:odes 
(four).  I'Tlterlng  of  tlie  remaining  niofles  c.an  l)i'  simply  accom|)li.shed  tlirough  use  of 
an  .appropriate  unmlji'r  of  mi-t.il  Heplums  |)e  rpiMiill  cula  r  to  the  electric  field  of  the 
I'EjIj  mode.  rile  non- conventional  waveguide  of  1.'  cm  x  26.  Si  cm  c *'0 s s- s cCtlon 

admits  fiiilv  three  TE  modi-.s  and  lias  compa  ralile  attenuation  but  requires  special 
’  mo 

fab  ric.'itlon. 
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since  filtering  out  the  higliei-  orflr:r  '1' i'i  ^  inocleK  is  a  rlifficult  problem, 
consideration  was  given  to  a  nu-thofi  of  eliminating  these  unwanted  modes  by  introduc¬ 
ing  a  selective  loss  mechanism  to  increase  tlielr  attenuation  relative  to  that  of  the 
dominant  1  Ejq  niode.  Since  the  lilgher  modes  are  closer  to  cut-off,  the  associated 
transverse  top  and  side  wall  currents  are  largi'r  than  those  for  the  1  Pjq  mode.  There¬ 
fore,  by  Introducing  corrugatlon.s  in  the  to|)  wall  which  Increase  the  resistance  presented 
to  transverse  top  anri  bottom  wall  curinuits  and  by  increasing  Isy  a  large  factor  the 
sidewall  rf  resistance  (for  e.Kample,  ijy  use  of  nlchroine)  (;nc  may  e^cpect  substantially 
to  increase  the  attenuation  of  tin;  ^  reel, angular  waveguide 

without  unduly  Increasing  the  attenuation  of  the  I H ,  ^  nKule.  (See  Pig.  4.) 

It  can  be  .slujwn  that  tlie  attenuation  due;  to  wall  losses  of  an  empty 
rectangular  waveguide  su|iporting  morles  of  tlie  TP  vai'iety  may  be  written  as 


1 


m  \  Z 

IT  ' 


I-  2b 

Z  a  at  a 


where  a,  b  are  rius|)ecti'.''ely  top  an<i  sldi'  wall  w.aveguhle  dimensions,  tlie  intrinsic 

im|)edance  of  fi'ee  sfiaee,  l<  the  skin  l•eslslan(■e  of  a  sl.anrlard  metal,  a  factor 

repre.seiiling  the  skin  resislani'i:  of  I  lie  lop  and  boltom  walls  relati'.u'  to  the  standard 

tor  longitudinal  (axial)  currents,  I-'  ^  a  similar  f.acler  fo  i-  the  top  and  bottom  walls  for 

tranavei'se  currents,  !■',  a  slmil.ar  factor  for  the  .side  walls,  m  tlv  orclei'  ot  tlie  mode, 

I’t 

a  ikI  \  tlie  free-space  v.  aveb-ngt  h. 


Attenuation  calculations  were  iii.ade  for  S'pi.i  re  (b  c=  a)  guide  and  tall 

ib  =  Za)  guide  at  \  =  a/Z  (the  cut-off  limit  for  the  I  P ,  model  using  !•'  .  ],  p  = 

'  -lit  '  a  f  a t 

p,  =  20.  Tile  table  la-low  coi  ipari-s  tlie  at  (  enu.'ition  ot  the  first  three  I'i  mocles 
bt  mo 

of  the  resistive  ;i  vegnide  -with  that  for  -.vaveguide  of  standard  metal  of  the  same 
geometry.  tin-  ipianlil  represents  lh(>  ,it  t  i  n'la  I  i  .ui  A  no  i' 1 1  la  1  i  r  c-d  with  I'espect 


to  H  a  r ;  t liat  is,  .-X ' 
s  I 


A  (.1  -P  I' 

S 


2, 
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Table  II 


Comparison  of  Attenuating  Properties  of  Waveguides  Using  Specially  Resistive  and 

Standard  Materials 


Standard 

Material 

Resistive 

Material 

A'  o(resi8t.  ) 

A'  (stand.  ) 

Guide  Geometry 

^1 

1.  ]6 

3.  67 

3.  16 

Square  Guide 

^2 

1.  73 

13.  0 

7.  5 

b  = 

A^ 

3.  22 

36.  5 

11.4 

^1 

0.  6'J5 

3.  13 

4.  85 

Tall  Guide 

].  t5 

12.  25 

10.  6 

b  =  2  a 

^3 

2.  46 

35.  3 

14.  3 

Foi‘  Square  guide,  the  results  show  that  the  ^  ^30 

attenuations  are  Indeed  increased  substantially  and  by  a  larger  factor  than  the  increase 
in  TE.„  mode  attenuation,  but  the  latter  Increase  is  nevertheless  prohibitive  for  our 
ring  resonator  applications  'I'he  same  occui-s  for  tall  guide  (b  =  2a),  but  the  penalty 
paid  in  the  f  I'-jQ  mode  atteviuatlon  is  even  greater.  It  is  interesting  to  note,  however, 
that  if  one  uses  tall  guide,  as  it  is  proposed  to  do  in  the  long  C-band  TWF,  and 
restricts  oneself  to  the  usual  construction  (inatc'rla!  liaeing  er|ual  resistivity  for  both 
axial  and  transverse  currents  in  all  walls),  one  obtains  a  substantially  smaller 
mode  attenuation  as  compared  with  square  guide  of  the  same  a  dimension  .  This 
advantage  of  tall  guide  may  almost  entirely  d!sa]ipear  if  specially  resistive  material 
is  used.  (Note  the  A'^  value  of  3.  13  for  tall  guide  as  compared  with  3,  6?  for  square 
guide  in  the  resistive  material  case.  )  It  should  also  be  i^olnterl  out  that  the  attenuations 
for  the  I’FTn  “ind  I  F.,,,  modes  are  rosi)ec;liveJy  almost  twice-  and  four  times  that  of  the 
mode  in  the  tall  guide  case  (standarfl  material),  a  jnore  favorable  ratio  than  for 
square  guide.  Since  for  small  attenuations  the  apparent  power  magnification  of  a  ring 
at  critical  coupling  is  essentially  invers(dy  proportional  to  the  attenuation,  the 
resonances  of  the  higher  mode-s  will  tend  to  bo  weaker  than  those  of  the  I  mode, 
anrl  in  this  res|)ectt  too,  tall  guide  has  an  advantage  over  the  square  geometry. 

An  examination  was  also  made  of  the  ludative  sijacing  of  T  ki  mode 

mo 

i-esonances  in  the  SOO  foot  C-band  ring.  'I'hls  spacing  and  the  associated  Q'  s  of  the 
resonances  will  determine  the  feasibility  of  obtaining  a  deslrtul  resonance  in  tlie 
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mode  without  coupling  to  unwanted  higher  order  T  modes.  The  case  of  the 

10  cm  X  26.  81  cm  waveguide  was  considered  for  a  500  foot  resonant  ring  for  a  frequency- 

range  from  5450  to  5850  me.  The  frequency  spacing  Af  between  two  successive 

3 

resonances  of  a  given  mode  is  given  by  the  simple  formula 

B  A.  ti  T  , 

g 

where  s  is  the  length  of  the  ring,  c  the  velocity  of  light,  K  the  free  space  wavelength, 

X  the  gvilde  wavelength  of  the  mode  concerned,  v  the  group  velocity  of  the  wave,  and 
g  g 

T  the  discharge  time  or  time  required  for  the  energy  to  travel  once  around  the  ring. 

Since  guide  wavelength  lncreast:.s  as  cut-off  is  approached,  the  higher  order  modes 

have  more  closely  spaced  resonances  than  the  dominant  mode.  (As  cut-off  is 

approached  the  spacing  becomes  Infinitely  close.  )  Thus,  at  a  frequency  of  5650  me 

the  respective  spacing  of  resonances  for  the  'I'lC^j^,  'I'L'^qi  *  ^'-30  niodes  is  1  76,  1.  55, 

and  1.  10  nic.  Calculation  of  the  bandwidth  between  points  on  the  ff^jQ  resonance 

curve  at  which  the  power  magnification  drops  to  one  half  the  maximum  value  gives 

84  kc  for  an  attenuation  of  0.  564  db.  'I'Ik;  resonance  curve  is  therefore  quite  narrow 

relative  to  the  spacing  between  resonances.  Furthermore,  it  becomes  evident  from 

a  detailed  examination  that  one  may  expect  to  find  many  points  In  the  spectrum  where 

the  resonances  for  tlie  two  higher  modes  are  sufficiently  far  from  the  neighboring 

'I'Fjy  resonance  so  as  not  to  interfere  with  it  and,  in  practice,  one  could  always,  by 

a  slight  tuning  adjustment,  ex|ject  to  displace  a  particulai'  interfering  resonance  away 

froni  a  desired  f  C  ^  resonance. 

Another  problem  is  that  of  frequency  stability  of  tlie  source  and  dimen¬ 
sional  stability  of  the  ring.  !'(,)  keep  tlnr  power  magnification  at  95  pei'cent  of 
maximum  rnagnifi  cation  (at  resonance)  ref|uires  a  frerjuency  stability  of  -  0.01  me  in 
5,  650  me  which  la  better  than  2  jjart  s  in  a  million.  An  afe  system  will  therefore  be 
neederl,  Involving  the  Injection  into  the  ring  of  low  power  pulses  in  the  inter\'al  between 
the  high  power  pulses  so  as  to  determim;  de|)arlure  frr)m  ring  nrsonance  fi'cqucncy  and 
accordingly  to  correct  the  driver  frer|uency  of  the  high  power  kl^'stron  feeding  the  ring. 

3.  l-’rototypc  X^band  '1' W  !•' 

In  order  to  anticipate'  some  of  the  problems  to  be  encountered  in  the 
proposed  high  power  fh-band  tnicrowave  flywheel,  such  as  mode  control,  frequency 
stability*  intci'iial  r('fl(- ctions ,  and  switching  problems,  a  t5  foot  low  power  pi'ototype 
j'ing  and  flywheel  atX-ljanrI  was  (ii'signed,  built,  and  tested.  The  X-baiui  frc'quency 
range  was  cluisen  becatise  of  the  aval  l.ibili,,y  of  conqainents,  test  e(|uipment,  and  a 
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high  speed  ftjrrlte  switch.  Another  reason  was  the  fact  tlfM  a  ring  of  this  size  could 
be  fitted  Into  the  available  laboratory  space  and  yet  contain  about  a  thousand  wave¬ 
lengths  and  give  a  sufficiently  long  output  pulse  (about  0.  1  microsecond)  together  with 
a  reasonable  amount  of  power  magnification.  About  80  feet  of  oversized  copper  guide 
(square  guide,  2.  84"  inside  dimension)  was  used,  again  because  of  availability,  the 
remainder  of  the  ring  consisting  of  components  and  bends  in  RG-52/U  (0.  500"  xO.  400"  ) 
rectangular  waveguide,  mode  filter  sections  in  the  large  square  guide,  and  tapered 
transitions  between  the  square  and  rectangular  cross  sections.  A  schematic  of  the 
ring  is  shown  in  Fig.  5. 

The  key  question  about  the  opei-atlon  of  the  ring  was  whether  there  would 
be  undue  Interference  from  higher-order  modes,  since  the  80  foot  length  of  oversized 
waveguide  could  su.staln  at  least  24  different  modes  above  8.  4  kmc.  The  filter  sections 
used  in  the  ring  (two  in  all)  were  designed  to  eliminate  the  double- subscript  as  well  as 
'I' modes  tliat  might  be  generated  in  the  tapered  transitions  but  were  without  effect 
on  the  TE^q,  and  1  modes.  Preliminary  tests  to  detect  any  resonances 

due  to  higher  modes  in  the;  oversized  waveguide  were  made  (prior  to  the  assembly  of 
the  ring)  by  nieasurlng  the  transmission  loss  between  planes  A-A  and  B-B.  In  the 
range  8.  5-9.  5  kmc,  only  six  sizahle  resonances  were  detected,  the  strongest  giving 
about  2_  3  5  db  of  attenuation,  the  weakest  about  I.  3  db,  while  the  normal  attenuation 
throughout  this  range  was  only  about  0.  4  db,  exactly  the  attenuation  theoretically 
expectefl  for  the  1  mode. 

The  waveT, licit;  was  then  connected  in  the  ring  conllguration  shown  in 
th(;  figure.  A  two-hole,  nominally  lO  db  (aclually  I  I.  4  db  at  9.  3  kmc)  directional  coupler 
was  U8c;d  to  feed  the  ring,  and  a  20  db  cross-guide  terminated  in  well  matched  crystal 
detectors  was  used  to  monitor  the  forward  and  backwanl  wave  (if  any)  in  the  resonant 
ring. 

Oidglnal  plans  called  for  the  use  of  a  tune!'  in  the  ring  to  eliminate  any 
backward  wave  that  might  be;  set  up  by  unavoid, able  mismatches  within  the  ring.  The 
tuner  con.sisted  of  the  coir.-enllonal  arrangement  of  a  short-slot  hybrid,  the  coupled 
wavegulde.s  being  i er-wd nal od  at  one  end  by  Iwri  chock-type  sliding  shorts.  It  was 
found  that)  although  this  a  r  i-angi'ment  was  effective,  it  introduced  excessla'e  loss. 
'I'herefore,  it  was  decidecl  to  tune  out  the  rc'vi'rse  wave  by  means  of  a  variable  load 
(matchcfl  load  preceded  by  slide-screw  tunc’r)  at  the  output  end  of  the  main  arm  of  the 
feeding  di  rectlonal  coupler.  this  arrangement  added  substantially  le.ss  attenuation 
(estimated  from  separate  iima  su  rement  to  he  about  (T  65  dl>  total)  and  serviul  very 
well  to  eliminate  the  hatdeward  wave. 
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Using  a  swept  X-band  oscillator  (HP  model  6 86 A)  and  a  dual-trace 
oscilloscope  for  displaying  the  output  of  the  monitoring  crystals,  one  could  observe 
typical  resonance  response  curves  for  both  forward  and  reverse  waves.  These 
resonances  were  about  9  me  apart  in  the  neighborhood  of  10  kmc,  In  agreement  with 
the  estimate  of  950  wavelengths  for  the  overall  length.  Rough  measurement  of  the 

Q  ^about  20,000)  gave  good  agreement  with  the  value  (24,000)  calculated  using  a  formula 

2 

given  by  Miller  and  based  on  the  assumption  of  an  over-all  ring  attenuation  of  0.  65  db 
and  a  measured  coupling  of  10.  4  db  at  the  test  frequency. 

Measurement  of  the  apparent  power  magnification  at  8.  9  and  9.  2  kmc 
gave  7.  8  db  ^  0.  2  db  for  a  coupling  of  11.4  db.  Upon  calculation  (see  Ref.  1,  p.  6) , 
this  corresponds  to  0.  65  db  over-all  attenuation  for  the  ring,  precisely  the  value  cal¬ 
culated  Independently  from  separate  measurements.  The  optimum  magnification  for 
the  0.  65  db  flgi^re  would  be  8.  55  db,  which  Is  also  the  optimum  coupling  value.  This 
coupling  value  could  also  have  been  achieved  by  using  a  variable  directional  coupler 
made  from  a  conventional  system  of  three  3  db  short- slot  hybrids  and  two  ganged 
plungers.  However,  the  additional  losses  introduced  by  the  extra  lengths  of  line 
needed  to  accommodate  this  coupler  Into  the  ring  would  actually  have  resulted  In  a 
drop  In  magnification. 

A  test  was  made  of  the  power  build-up  in  the  ring  under  pulsed  conditions. 
For  this  purpose,  a  pulse  generator  of  0.02  microsecond  rlse-tin-p,  and  a  coaxial-type 
X-band  crystal  diode  modulator  (rise  time  of  less  than  2.  5  nanoseconds)  were  used  to 
modulate  the  rf.  The  build-up  time  for  80  percent  or  so  of  the  steady- state  power 
In  the  ring  was  measured  as  lying  between  1.  5  and  2  microseconds  while  calculation 
gave  a  figure  of  1.  4  microseconds. 

Finally,  tests  were  made  on  the  ring  with  a  ferrite  switch  Inserted. 

(This  switch  and  Its  associated  circuitry  Is  described  In  the  Section  4  below.  )  The 
Insertion  loss  of  the  switch  was  between  0.  2  and  0.  3  db  and  thus  reduced  the  magnifi¬ 
cation  of  the  ring  to  about  6  db.  The  operation  of  the  TWF  was  tested  with  both  cw 
and  pulsed  rf  power.  Fig.  6  shows  the  envelope  of  the  rf  power  switched  out  of  the 
ring  under  three  different  switching  currents,  (i’hc  time  scales  on  the  oscilloscope 
trace  are  respectively  10  mps,  20  mps,  and  50  mps  per  division  In  Fig.  6  a,  b,  and  c, 
with  swltclilng  currents  of  120,  55,  and  38  amperes  respectively.  )  The  duration  of 
the  output  pulse  appears  to  have  been  about  0.  ]  ]0  microseconds  and  the  rise  time  of 
the  pulse,  as  observed  on  the  scope  (Tektronix  545  A),  ranged  from  about  20  mps  at  the 
lowest  switching  current  to  about  10  miis  or  less  at  the  highest  switching  current. 

■J'ho  rf  power  used  was  In  the  milliwatt  range. 
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It  should  be  mentioned  that  the  ejdstence  of  interfering  higher  mode 
resonances  at  a  number  of  frequencies  could  be  detected  by  the  distortion  that  coupling 
to  such  a  resonance  produced  in  the  resonance  curve  of  the  mode.  This  type  of 

distortion  differed  from  that  which  ordinarily  occurred  as  a  result  of  a  backward  wave 
resonance  set  up  by  reflecting  discontinuities  in  the  ring  In  that  it  could  not  be  reduced 
or  eliminated  by  the  available  tuning  arrangement.  It  might  have  been  possible  to 
reduce  this  type  of  distortion  or  to  decouple  the  resonances  through  a  tuning  element  in 
the  oversized  waveguide  but  no  provision  had  been  made  for  this  and  so  this  method 
was  not  tried.  Instead,  the  ring  was  operated  at  frequencies  where  this  type  of  inter¬ 
ference  did  not  occur 

4.  Fast  Ferrite  X-band  Microwave  Switch 

The  ferrite  switch  used  in  the  prototype  X-band  TWF  is  actually  a  swltch- 

7 

Ing  circulator  developed  at  the  Microwave  Research  Institute.  It  consists  of  a  folded 
magic-tee,  two  parallel  sections  of  ferrite-loaded  waveguide  having  a  differential 
phase  shift  of  90  degrees,  and  a  short-slot  hybrid  as  shown  in  Fig.  7.  Each  ferrite 
section  is  In  the  forni  of  a  narrow-rectangular  tube  through  which  runs  a  wire  which 
carried  the  pulsed  current  creating  th(;  magnetic  field  which  switches  the  magnetiza¬ 
tion  of  the  ferrite.  The  two  ferrite  sections  simultaneously  undergo  a  reversal  of 
magnetization  when  a  pulse  of  current  of  sufficient  magnitude  and  proper  polarity 
Is  passerl  through  the  wires.  This  results  In  a  reversal  in  sign  of  the  differential 
phase  shift  and  a  corref  ixmding  reversal  of  the  sense  of  circulator  action.  Milli¬ 
microsecond  switching  -if  tlx'  circulator  requli'es  rather  large  currents  to  bo  switched 
rapidly.  'I'he  rl.se  tlnv'  for  the  microwave  .switching  Is  essentially  the  same  as  that  of 
the  switching  current  (f.pr  thi'  range  of  currents  tided)  and  this  depends  basically  on 
the  1‘atio  of  inductance  1.  to  res  .stance  R  in  the  dc  circuit.  'I'he  lower  limit  on  L  is 
ultimately  set  by  the  quantity  of  ferrite  material  used  in  the  microwave  circuit,  but 
R  can  be  made  .sufficiently  Inrg'  to  uiv’:  reasonably  short  switching  times.  I'hls  Is 
accomjdl  sherl  by  use  of  a  dc  l•urrcnt  sou  rci!  avlio.se  Inqiedance  Is  large  relative  to  the 
effective  resistance  of  the  single  turn  of  wire  producing  the  switching  magnetic  field. 

&  ' 

The  current  source  used  wdlh  the  ferrite  switch  was  actually  a  300  foot 
length  of  Rr,-8/li  cable  of  50  ohms  characteristic  Impedaiuu',  o])en  circuited  at  its 
far  end  and  having  its  outer  conductor  at  the  near  end  connected  to  the  dc  winding  of 
the  ferrite  cores.  'I'he  cable  Is  sho rl- cl  rculted  through  this  winding  via  a  5C22 
thyi'atron  tube  ('!'^)  in  responsi’  to  an  a  up  roir  rlat  e  trigijer  pulse  at  the  grid  of  the  tube. 

(.See  Fig.  8a.  )  The  current  wa\('form,  consisting  of  two  pulse's  of  opposite  polarity 
in  Immediate  suct:ession,  is  shown  in  Fig.  8b.  A  peaking  cajiacltor  (not  shown)  is  used 
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at  the  input  of  the  cable  to  improve  the  ri.se  time.  A  more  complete  description  of 
this  circuit  is  given  in  Reference  8. 


5.  Fast  High  Power  C-bancl  Microwave  Switch 


As  part  of  the  C-band  '1' W 1’  power  enhancement  program  work  on  a  fast 
microwave  switch  has  been  in  progress  with  tlie  aim  of  realizing  the  following  specifica¬ 
tions; 


switching  time; 
microwave  holdoff  power; 
arc  losses; 

y]< 

isolation  ; 

cold  insertion  loss; 


30  nanoseconds  (3  x  10  sec) 
''  1  megawatt  (peak) 

0.  25  db 
40  db 
'  n.  1  db 


'I'hc  typo  of  Bwitcli  under  development  is  esscuitlally  a  microwave  thyratron  (referred 

to  as  a  low-pressure  arc-discharge  gaseous  shultei').  A  schematic  showing  the 

I'ssentlnl  ,H  of  the  switch  construction  is  shown  in  Fig.  0.  '['he  switching  action  is 

performed  by  the  rapid  ionl/atlon  of  the  low  prc'ssure  gas  filling  the  rectangular  wave- 

guifle  section  aurl  the  creation  of  a  sufficiently  lilgh  electron  density  ao  as  to  convert 

th<'  imiized  gas  into  a  medium  tliat  is  liurai'iable  of  |)ropagating  electromagnetic  energy 

4 

at  the  operating  frequency.  I'hus,  the  permittivity  of  the  gas  bccotne.s  negative,  and 
tlu'  discharge  region  exhibits  the  proiiertles  of  a  beyond  cut-off  wavegulrle  which  in 
turn  causes  the  incident  wave  to  bi'  almost  completely  r(!flecterl.  I'he  rectangular 
waveguide  Itself,  sultribly  perforated,  serves  also  as  the  control  grid  for  the  gas- 
flllerl  thy  rat  ron. 

Tlie  work  on  this  swilcli  lias  progre.ssed  to  Llie  point  where  the  grid 
apertuiu!  dimen.sions  for  .sail  slaelory  operation  of  the  tube  liave  been  rlt;ter  mined . 
.Simulated  tubes,  u  sing  rliffe  rent  liole  sizes  for  tlu-  grid  apertures,  were  fabricated 
and  tested.  It  was  found  that  tlie  In-sl  opi-rati.ui  was  obtained  with  l/8"  diameter  holes. 
When  the  tube  wa.s  filled  with  liydrogen  at  0.  7  mm  of  llg  pi'essure,  the  anofle  holdoff 
voltage  was  as  hlgli  as  20  kv  aiul  the  peak  curn-nt  225  amiieres.  Tlie  corresponding 
grid  trlggei-  voltage  was  as  low  as  5()  volts.  I  he  electron  density  for  tlie  physical 
area  of  cathode  used  at  the  above  current  was  estimated  to  be  approximately 
2  X  in^^/cm^  as  compared  wltli  the  required  \'alue  of  5  x  10^\-'  cm^  for  C-band  micro- 
wave  switching.  Microsec-ond  pulsi-s  at  IDOd  ])ps  wei'e  ns('d  in  tlie  tests. 

■jl^  "■*  '  ~  '  ' 

'this  is  defined  as  10  log  (P.  /  I'’.  )  where  F,  is  the  incident  power  and  P, 

in  trails  in  trans 

the  power  t  raiiHiiiitted  p.ast  tlie  switch  in  t  lie  fired  condition. 
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I’he  construction  of  a  high  power  test  facility  for  testing  arc-discharge 
switch  tubes  has  been  Included  as  part  of  the  switch  tube  development  program  (see  o 

Fig.  10).  ’I'hls  facility  is  fully  described  In  Reference  4  and  will  be  useful  both  for 
testing  switch  tubes  as  well  as  waveguide  pressure  wlntlows. 

M.  Sucher 

IV.  Interaction  of  High  Microwave  Power  and  Fields  with  Materials 

Personnel:  Professor  II.  Farber,  ,1.  Rrogan,  V.  Nanda,  E.  Moley, 

E.  Malloy,  and  N.  Poley 

During  the  peidod  covei'ed  by  this  note  this  group  has  been  primarily 
engaged  in  develo|3lng  suitable  tcchnifjues  and  e(|ui]jment  required  in  the  study  of  the 
inti'i'actlon  of  high  jjower  and  high  fields  with  vai'ioi:s  materials.  The  objectives  in¬ 
cluded  the  design  of  a  special  "  sway  back"  section  for  subjecting  materials  to  high  • 

jiower  densities  and  the  inv<tatigatlon  of  H|)ecial  "  elect  rodelcs  s  microwave  cavities" 
for  the  study  of  Intrinsic  and  possible  free  surface  breakriown  effects.  Because  of 
the  Importance  of  the  "  microwave  switch*  ,  as  Indicated  earlier  in  this  report,  and 
because  of  the  experience  of  this  group  with  fllscharges,  the  relatively  high  pressure, 
d.  c.  trigg('red  rf  fllscharge  is  also  being  worked  on  within  this  group. 

The  efforts  of  the  grouji  are  concent  ratefl  currently  on  three  irhases. 

These  ai'e: 

1.  to  stinly  thermal  failure  (du<'  to  microwave  fields); 

2.  to  detei-mine  the  meclianlsm  and  the  cha  ra  c:t  e  ri  sti  c  s  of  a  dc  triggered 
mtcro\^•ave  .spark  gap  and; 

3.  to  dc'.  clop  a  suitahb;  jniernwave  test  cell  for  measuring  the  intrinsic 
electric  Hi  i-ength  of  dieleeirlc  materials  (.solids  and  liq\dds). 

Phase  I:  I  hernial  Breakdown  of  Dielectric  Materials  at  Microwave  Frequencies 

The  two  most  probalile  nu'thods  for  the  breakdown  of  dielectric  materials 
at  microwave  fre(|uencies  are  breakdown  due  to  discharges  in  gas  voids  in  the  material 
and  thermal  Ijreakdowii  due  to  the  dielectric  heating  of  the  material.  .Since  the  electric 
fielrls  within  tile  void  are  greater  than  in  the  dlelei:ti-lc  material,  (for  s mall  cy lind I'lca  1 
voids’  which  are  coaxial  with  the  electric  fiehi  tlie  field  in  the  void  is  Increased  by  a 
factor  equal  to  the  flielcctric  constant)  breakdown  occurs  at  i-elallvely  low  microwave 
peak  fitdds  ajid,  consequent  ly  ,  for  ))ulse  conditions  at  low  average  i)ower  levtds. 

I  hi'  hreakiiown  in  the  dlidecti'ic  is  usually  cha  ra  ct  e  I'l  zed  by  one  or 

more  n.ii'ro\e,  loc,ili/.ed  i:h,'mnels  Ihiou^h  tlu-  material  althoe.gli  the  bulk  c'f  the  material 

..O' 

rna  y  not  be  a  1 1  e cl  ed . 
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For  thermal  failure  at  microwave  frequencies  appreciably  higher 
average  powers  are  needed.  However,  the  required  fields  are  far  below  the  Intrinsic 
electric  strengths  of  the  dielectric  materials.  The  thermal  failure  Is  characterized 
by  the  destruction  or  decomposition  of  the  bulk  material  near  the  regions  where  the 
electric  field  Is  high. 

A  "swayback"  section  of  waveguide  (Fig.  11)  was  designed  for  use  as 
the  dlelectri  c  test  cell-  The  height  of  the  waveguide  was  decreased  In  the  center 
section  by  a  factor  of  29  which  results  In  an  equal  Increase  In  power  density  and  an 
Increase  In  field  strength  by  a  factor  of  h  4  'I'he  length  of  the  tapered  section  In  the 
Initial  unit  wa.s  1  l/2  guide  wavelengths.  However,  this  unit  had  a  high  Insertion 
VSWR  and  anotlier  section  was  designed  and  constructed  with  a  3  l/2  wavelength  taper 
Although  the  VSWR  was  decreased  the  minimum  VSWR  was  2.  0.  By  increasing  the 
gap  height  by  a  factor  of  2  It  was  possible  to  attain  an  Insertion  VSWR  of  1.  05  at 
5.  3  Gc  (which  corresponds  to  the  output  frerjuency  of  the  available  magnetron).  The 
resultant  povs'er  density  Increase  In  the  tapered  section  is  14.  5  times.  With  a  short 
circuit  termination  the  apparent  Increase  in  power  density  is  58.  'I'he  microwave 
circuit  In  which  this  cell  Is  used  Is  described  In  reference  4. 

Phase  II:  A  IDG  I'rlggercd  Microwave  Spark  Gap 

Triggered  spark  gaps  have  been  used  as  dc  protective  devices  and 
switcln-s.  In  general  these  are  spark  gaps  which  are  maintained  at  voltages  which 
are  5().-9(!  percent  of  the  breakdown  strengtli  of  the  spark  gap.  When  a  trigger  voltage 
Is  a|)plled  between  one  of  the  gap  electrodes  and  an  au.xillary  electrode  a  discharge 
develops  In  the  spark  gap.  Th(,'  specific  mechanism  or  mechanisms  which  occur  are 
not  fully  undei'stoofl  but  the  time  diday  for  developing  the  discharge  has  been  shown  to 
be  a  function  of  the'trlgger  voltage,  the  hold-off  voltage  across  the  spark  gap,  and  to 
a  lesser  degree  tlie  geometry  of  the  spark  gap  anfl  auxiliary  electrode. 

>J< 

.Schwa  rt/.kopf  has  fl<-monst  rated  that  for  moderate  microwave  powers 
It  is  [.'osslble  to  construct  a  switch  which  Is  capable  of  switching  within  a  few  nano¬ 
seconds 

I'lie  nbjecti'''e  of  this  phase  is  to  study  the  dlscharg’  parameters  which 
may  I'elale  to  the  spee<l  of  switching,  the  microwave  power  capacity  and  the  Insertion 
los.sc’s  befoi'e  and  after  switching.  The  results  of  tlie  study  should  lead  to  an  under- 
stanrllng  of  the  mechanism  of  the  switch  and  indicate  how  to  design  a  switch  for  a 
given  microwave  power 

P  ri  \',il  e  com  muni  cal  i  on 
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A  microwave  spark  gajj  has  been  designed  and  constructed  (Fig.  IZa). 

The  dc  trigger  will  be  applied  using  a  standard  automotive  spark  plug.  A  dc  test  jig 
(Fig.  12  c)  has  also  been  constructed  to  determine  the  dc  characteristics  of  the  trigger 
electrode.  An  impulse  generator  has  been  assembled  using  the  modulator  section  of 
an  airborne  radar  unit  (APS/Z).  Impulses  of  15  kv  with  0.  01  sec  rise  may  be 
obtained  from  this  unit. 

d'he  initially  proposefl  theory  for  the  time  delay  dependence  of  the 
.switch  Is  related  to  the  results  of  Impulse  breakdown  of  air.  It  has  been  shown  that 
the  time  for  breakdown  Is  related  to  the  ovcn'voltagn  ratio  of  the  applied  Impulse.  The 
ove  I'voltagc  is  definefi  as  the  ratio  of  the  voltage  at  which  the  air  breaks  down  for  the 
lmpul.se  to  the  minimum  dc  voltage  at  which  air  breaks  'lown.  Thus  for  a  ratio  of  1 
the  time  fo  i‘  breakdown  is  several  microseconds  whereas  for  a  ratio  of  2  it  Is  several 
nanosecond.^. 

The  Initial  studies  will  determine  if  a  linear  superposition  of  the  dc 
trigger  voltage  and  the  microwave  field  would  have  the  same  time  delay  as  the  equivalent 
impulse  voltage.  Another  dlschargt^  paranu'ter  that  may  affect  switching  times  is 
idioto-lonl '/ation.  'I'here  are  f;ome  tidggered  spark  gaps  which  depenrl  solely  on 
pliotn- loni  zation  I'alher  thati  a  triggering  spai'k.  I!ow('V('r,  the  hold-off  voltage  must 
l:>e  within  5-1(1  ]K'rcent  of  the  hrmakdown  voltage  in  oi'der  to  obtain  switching  action. 

For  tile  dischai’ge  triggered  gap,  the  hold-off  voltage  may  be  In  the  range  of  50-90  pei'- 
ceiit  of  the  lii-enkdown  voltage  and  the  higher  the  voltage  the  faster  the  switching  action. 

i'hastt  III;  Mi(  "■)wave  I'e.st  (hdl  for  intrin.sic  ilreakrlown  Studies 

file  inlrlnslc  electric'  strength  of  dielectric  materials  Is  .so  high  that 
the  electric  fields  ri.'(|ut  rei'l  lor  breakdown  approach  tl'ie  flekls  required  for  electron 
field  eiiilsslon  from  tile  elect  roth-.s.  I•■|eld  eml.ssion  would  modify  the  measured  valui' 
of  thi'  eli.'ctrlc  strength  Although  electrodes  Ifir  their  equivalent)  are  necessary  for 
e  si  a  ill  I  H  hi  ng  Static  electric  fields  it  is  p(jssll)le  to  eslabll.sh  lilgh  fi-equency  electro- 
migueilc  fields  without  electroile  surfaces  ( l-'o  r  tills  dl.scu.ssion  an  electrode;  .surface 
i  ,M  consldoied  to  hi-  .a  metal  surface  or  elect  lie  clia  rge  at  which  a  normal  elr-ctrlc 
field  is  leriidnated.  )  'I'iius  the  initial  study  lia.s  been  to  determine  the  feasibility  of 
olitainlng  lilgh  electrii-  fields  wliich  may  lie  ca]);ible  of  bi'eaklug  dciwn  dielectrics  but 
rio  lint  terminate  on  metallic  surlaces. 

.Several  methods  have  been  used  to  oiilaln  higher  electric  fields  than 
.■  is!  ill  Hl.oiiaril  I  ra  n  s  1 1  il  s  si  o  n  lines.  I'iiese  include: 

,1  I  A  1  r,i  n  s  mi  .H  si  on  line  terminated  by  a  siiorl  circuit  will  ha\e  regions  wliere,  the  field 
;  I  I ,  i.  |.h,d  of  a  1  ransml  s.sion  lim-  terminated  In  its  c  lia  ra  cl  e  r  i  st  1  c  impedance. 
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b)  Decreasing  the  waveguide  size  may  increase  the  field  by  a  factor  of  5-10  times; 
e.  g.  ,  decreasing  the  height  of  a  rectangular  waveguide  operating  in  the  ^  mode  by 
a  factor  of  30-100  times  would  Increase  the  field  by  a  factor  of  5.  5  to  10  times. 

c)  A  traveling  wave  resonator  could  increase  the  electric  field  by  a  factor  of  3  to 
6  times  although  it  is  very  sensitive  to  small  losses  in  the  system. 

d)  Resonant  cavities  have  been  used  to  obtain  increases  in  field  strength  by  factors 
ranging  from  9  to  3000  times. 

e)  Combinations  of  the  above  procedures  may  also  be  used  to  obtain  high  electric  fields. 

The  optimum  procedure  for  developing  the  electric  fields  required  for 
intrinsic  breakdown  is  the  one  using  the  resonant  cavities,  ('i'he  cavity  could  be  used 
with  the  traveling  wave  resonator.  )  However,  to  obtain  very  high  field  gains  one 
generally  uses  an  operating  mode  where  the  electric  field  is  normal  to  the  bounding 
metal  walls. 

An  analysis  was  made  ol  Ih?  cylindrical  cavity  resonating  in  the 
mofle  where  the  electric  field  is  ])ar>ill(l  to  melal  surfaces.  F'or  a  frequency  of 
5  Cc  with  1  megawatt  ln]>ut  the  maxlnui.i'  f  ell  woi  Id  be  0.  Z  Mv/cm,  or  25  megawatts 
ln[nit  power  would  be  required  to  attain  ?  f  -“I  1  of  1  Mv/cm.  Previously  measured 
values  for  the  electric  strength  of  polyc- t.iy  let  (>  report  a  value  of  7  Mv/cm  which  would 
require  an  input  of  1250  Mw  if  the  Q  of  trie  cavity  were  to  remain  5000  with  the  dielectric 
sample  in  it. 

A  llniite'-l  Mtirvey  is  planned  of  other  possible  cavities  to  determine  if 
a  iiiodiflcatlon  of  the  geometry  would  give  appreciably  greater  electric  field  gains  and 
still  retain  the  rlesired  field  configuration. 

The  pro|)OHed  program  for  the  following  periods  is  as  follows; 

Fdiasitl;  I  h<'  immediate  program  is  to  carry  out  measurements  of  the  thermal  break¬ 
down  of  several  dielectric  materials.  It  is  antlci]5ated  that  tliese  measurements  will 
permit  determining  the  parameters  fjf  the  dielectric  aiul  of  the  microwave  field)  which 
influence  therm.il  l)reakdown.  Clonslfle  ration  is  also  lieing  given  for  the  design  of 
suitable  test  cells  for  studying  the  behavior  of  metals  intei’acting  with  very  high 
microwave  fl(d(is. 

Piiase  If:  rile  program  for  this  phase  is  to  tielermlne  the  pai-ameters  of  the  dc  trigger¬ 
ed  microwave  s|)ai'k  gap  whiidi  Influence  tiie  swltciiing  time  and  the  insertion  lo.sses 
of  the  swltci).  Tile  overall  objective  is  to  u  nd  e  i- st  a  nd  tile  nu'chanl.sms  of  the  swltcii 
and  to  design  .i  lilgli  |)ower  switcli  witli  tlie  following  specifications: 
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1)  capable  of  handling  the  power  developed  in  the  microwave  flywheel; 

Z)  less  than  0.  1  db  insertion  loss  prior  to  switching; 

3)  less  than  1  db  insertion  loss  during  switching  into  the  circuit; 

4)  sv  Itching  time  less  than  10  nanoseconds. 

Phase  III;  The  immediate  program  will  be  to  continue  the  present  study  to  determine 
the  feasibility  of  designing  an  electrodeless  microwave  fast  cell  for  studying  intrinsic 
breakdown  of  dielectric  media.  Subsequent  work  will  be  to  study  the  intrinsic  strength 
of  materials  (solids  and  liquids)  In  order  to  obtain  a  better  understanding  of  the  structur 
of  these  materials. 

H.  Farber 


V.  Conclusions 

Dy  virtue  of  tests  on  the  prototype  X-band  low  power  flywheel  and  cal¬ 
culations  on  the  modal  stability,  a  microwave  flywheel  of  the  type  indicated  appears 
to  be  realizable  if  a  high  power  switch  of  appropriate  type  can  be  developed. 

In  the  future,  major  experimental  effort  will  be  devoted  to  the  develop¬ 
ment  of  a  microwave  switch  including  the  dc  Induced  microwave  discharge  at  atmos¬ 
pheric  pressure  and  the  thyratron  type  of  switch.  The  state  of  development  of  the 
nmltlpactor  switch  will  be  closely  followed. 

The  cavity  type  flywheel  will  be  considered  in  more  detail  particularly 
with  regard  to  methods  of  coupling  and  type  of  switching  components. 

Under  the  investigation  of  the  Interaction  of  high  power  with  materials, 
specific  dielectrics  will  be  tested  in  the  swayback  cell  for  thermal  failure  at  increased 
pow(;r  densities.  Further  consideration  will  be  given  to  the  question  of  realizing 
intrinsic  brealCdown  in  clectrodcless  cavities. 
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FIG.  2  RF  OUTPUT  CIRCUIT 


CURRENT  FLOW  IN  WALLS  OF  RECTANGULAR  ,  GUIDE  WITH  TE  MODE 
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